The potential for enhanced strength or stiffness arising from the microstructure of natural silty soils compared to their reconstituted state is examined using the framework proposed by Burland for clays, to assess to what extent it can be used for silts. A detailed study performed on two clayey silts of low and high plasticity respectively, in their intact and reconstituted state, is used to illustrate the different response of the silts compared to clays in terms of compressibility and strength e.g. multiplicity and shape of the normal compression lines and strong dilative tendencies during undrained and drained shearing. This paper shows that the response of the reconstituted silts can be used as a reference to identify the influence of the microstructure on the compressibility and strength of the intact silts. The results are found to give clear signs of structure in both compression and shearing only for the low plasticity silt. Stiffness measurements corroborate these findings.
INTRODUCTION
To assess the influence of microstructure, first recognized by Terzaghi 1941, Skempton and Northey 1952 , proposed the comparison of the response of natural intact and reconstituted clays. Burland 1990 , presented a framework which uses the response of reconstituted clays to normal compression and shearing as a reference for understanding the properties of the parent intact clays. The enhanced strength and/or stiffness arising from the microstructure of the natural material compared to its reconstituted state has since been observed repeatedly (e.g. Hight et al. 1992; Smith et al. 1992; Allman and Atkinson 1992; Burland et al. 1996; Cotecchia and Chandler 1997; Cotecchia and Chandler 2000; Georgiannou and Burland 2001; Mitchell and Soga 2005 ; Gens 2011) with some exceptions for which there was no enhancement, as in the case of the glacial till tested by Atkinson and Little 1988 , in which the natural and reconstituted Hvorslev lines coincide. However, much less is known about the potential for enhanced strength or stiffness in silty soils, which is partly because they are much less frequently tested and perhaps partly because it is not certain whether frameworks such as that of Burland might be applied to such soils. This paper seeks to address to what extent these techniques may be used. Burland 1990 , defined a thoroughly mixed clay at a moisture content of between 1.2-1.5 times the natural clay liquid limit, to form a slurry, as reconstituted and termed its mechanical properties as 'intrinsic' which are inherent to the material and independent of its natural state i.e. initial differences in void ratio at low stresses (<100kPa) are erased at higher stresses, encountered in the field, and all normal compression lines converge to a unique NCL. He also showed that different compression lines for a wide range of reconstituted clays lying above the A line form a unique line, termed the intrinsic compression line, ICL, when normalized with respect to the void index (1) where and are the intrinsic void ratios corresponding to kPa and 1000kPa respectively. .
Although reconstituted clays with Atterberg limits lying above the A line like
those examined by Burland 1990, and Burland et al. 1996 , confirm the concept of a unique NCL and CSL, a large number of natural soils show non-convergence of the NCLs in their reconstituted state, even at high stresses. Such soils have been described as transitional in the literature. Martins et al. 2001 concluded that transitional soil behavior is a characteristic of gap-graded soils. However, this type of behavior can also be observed in well-graded materials and silty soils (e.g. Nocilla et al. 2006) , and so this is another aspect that has been addressed in this investigation, since if present, it would affect how structure might be quantified. Hong et al. 2010 , showed that for a number of reconstituted clays, lying slightly above the A line, the NCL at higher initial mixing water content, w0, lies above the corresponding NCL at lower w0 for stresses up to 1600kPa indicating a transitional type of behavior; w0 varies between 0.7-2 times the natural clay liquid limit. Hence Burland's 'intrinsic' properties do not represent inherent soil properties.
However, when the NCLs are normalized with respect to the void index, Iv, a unique normalized line is obtained, almost identical to the ICL proposed by Burland. Hong et al. 2013 , extended this normalization procedure to the undrained shear strength of the reconstituted clays.
In this paper the fundamental behavior of two natural silts lying just below the A line is examined. Interest in these materials is prompted by ground failures occurring in low-plasticity silts and clays under seismic loading. Boulanger and Idriss, 2006 , discussed fine-grained soils transition from behavior that is more fundamentally like sands to behavior that is more fundamentally like clays and recommended that fine-grained soils be classified as ''sand-like'' if PI<7, and ''claylike'' if PI>7. Of the two silts examined herein one is of low (PI=6) and the other of high (PI=25) plasticity hence their behavior is expected to differ. The response of the silts is evaluated in terms of their compressibility and strength characteristics in both the reconstituted and intact state. Stark et al. 1994 Stark et al. , 2000 , found that reconstituted and intact silts for sites in Mississippi had significantly different response due to the enhanced structure of the latter.
A normalization procedure like the one used successfully for clays (Burland, 1990) , as a means to normalize all of the compression curves of reconstituted soils to be the same for ease of comparison, was adopted for the silts under consideration.
This highlights: i) differences in compressibility with varying plasticity index for the reconstituted silts; ii) comparison of the normalized 'intrinsic' compression lines of the two silts with that obtained by Burland for clays; iii) the enhanced resistance of the intact material to compression and shearing compared to its reconstituted counterpart; the shear behavior is examined for normally and overconsolidated states as described in the critical state framework (Roscoe, et al. 1958) . The normalization procedure takes account of differences in void ratio at e.g. peak strength for the reconstituted and intact silt. In this way the influence of the microstructure in the intact silt can be isolated and assessed. The underlying method of comparing intact with reconstituted soils is one that is commonly applied to all types of soils, clays and sands (e.g. Cuccovillo & Coop, 1999) . Comparison of the behaviour of intact and reconstituted soils highlights the effects of structure, highlights how existing methods may be used, and how the behavior is different between a low and higher plasticity silt. Significant effects of structure are identified in one silt only. The aim of the paper is to provide fundamental knowledge on the compressibility and strength of silts apart from assessing the influence of microstructure in the natural intact material.
Moreover, the variation of stiffness with strain for the intact silt samples is measured at various stress levels.
MATERIAL PROPERTIES AND TESTING PROCEDURES
One of the materials tested is a low plasticity marl from the base of the Corinth Canal (Kavvadas et al. 2003 ) and the other is a high plasticity clayey silt obtained from a location in central Greece, near the city of Lamia, during the construction of the E65 motorway, and will be refered to from this point onwards as Lamia soil. The Marl is a neogene formation of hard calcareous clayey silts with a calcium carbonate content of around 75%. Calcite acts as a cementing agent between individual quartz and clay particles and is responsible for the characteristic properties of the marl. The gradings of the two soils are rather uniform with a small clay content of less than 15% as indicated in Table 1 where gradation data are presented (see also Fig. S1 ). Table 1 includes plasticiy properties (Atterberg limits) which are relatively higher for Lamia soil compared to the Marl.
The Lamia soil was mineralogically studied by means of X-ray diffraction (XRD) which indicated the presence of high amount of quartz, feldspars and swelling clay minerals as shown in Fig. 1 , in the black spectrum. The latter were documented after glycol treatment; the shift of the (100) main reflection from d~14 Å to d~17 Å in the red spectrum in Fig. 1 , confirms that the swelling mineral is montmorillonite. The presence of montmorillonite justifies the retained water content at liquid and plastic limit which when marked on the A graph indicate a high plasticity silt lying close to the A-line (see Fig. S2 ).
Large blocks of the Marl were extracted from the base of the canal 70m deep while blocks of Lamia were less deeply buried; obtained from a depth of 5 m after the removal of the overlying deposits. The blocks, 50 to 60cm high, were wrapped with cling film and covered with wet cloth. The samples were stored in a chamber in which water below the level of the samples ensured a humid environment around them. Triaxial specimens 38mm in diameter and 76mm in height were hand trimmed in a soil lathe from the block samples. The tested soils were initially saturated, and the B values measured in the triaxial specimens were in excess of 0.95. The initial mean effective stress in each specimen, pi', was measured by applying a cell pressure and allowing the pore pressure to come to equilibrium, usually involving a period of 24 h. Values of around 90kPa and 70kPa were obtained for Lamia and Marl respectively, representing the maximum sustainable suction which, because of their silty composition, can be substantially less than the in situ value (Hight and Georgiannou 1995) . Specimens were subsequently consolidated to a range of effective stresses.
Reconstituted specimens were hand trimmed in the soil lathe from reconstituted cylindrical samples 23cm in diameter and 40cm in height, shown as an inset in Fig. S1 , for Lamia soil. These were exracted from a cylindrical metal tube, forming the consolidometer, after being subjected to one dimensional consolidation.
The reconstituted materials were formed by mixing each natural soil at 1.3 times its liquid limit to the state of slurry, which was subsequently poured into the consolidometer and allowed to consolidate initially under its own weight and then under compression stresses of 12.5kPa, 25kPa, 50kPa and 100kPa. The Marl was also consolidated up to 200kPa. Finally, the cylindrical sample was unloaded to 50kPa before it was exctracted from the consolidometer. Specimens were prepared from this sample at 38mm and/or 50mm diameter and height to diameter ratio of 2.
The reconstituted specimens were fully saturated with B values of around 1. The specimens retained their effective stress since the initial mean effective stress measured in the triaxial was around pi'=50 kPa.
Laboratory tests were carried out in computer controlled Bishop and Wesley (1975) triaxial stress path cells with an accuracy of ±0.5kPa in pressure and ±0.1N in load measurements. The instrumentation of the triaxial cells included a pair of local strain measurement transducers, either the axial strain electro-level inclinometers (Burland and Symes, 1982) or submersible linear variable differential transducers (LVDTs) mounted diametrically opposite over a central axial gauge length of the specimens. The shearing rate was 4.5%/day for the undrained tests and 1%/day for the drained tests. Apart from the top and bottom porous stones filter paper side drains were used for Lamia but not for Marl specimens due to its higher permeability.
COMPRESSIBILITY CHARACTERISTICS

Reconstituted Materials
The normal compression curves for specimens loaded from various slurry states in the standard oedometer are shown in Fig. 2 . Fig. 2(a) shows the compression data of reconstituted Lamia specimens which were obtained by mixing the soil at various water contents corresponding to 0.81 to 1.41 times its liquid limit to form slurries of the natural material. Fig. 2 (b) shows the compression data of reconstituted Marl specimens which were mixed at 0.78 to 1.54xLL. Unlike typical behavior of a clay, where the curves converge at normal stresses higher than 100kPa, these silty materials show no sign of convergence for normal stresses as high as 6MPa. This is similar to the transitional behavior associated with some well graded silts (Nocilla et al. 2006; Altuhafi et al. 2010) . The curves appear to be nearly parallel for the Marl.
However, the lines converge for Lamia soil with initial mixing moisture contents higher than 1.2xLL at high stresses of around 1MPa. It should be noted that at the latter mixing contents both materials are so weak that they cannot support the oedometer top cap. As a result the first loading stage included only the porous stone, followed by the top cap and a loading sequence by which the applied pressure at any stage is double that at the preceding stage, as described in the previous section.
Each loading stage lasted 24h. For the Marl two sets of data are included in Fig Although the normal compression curves for both materials are not converging they can be normalized with respect to the vertical axis by replacing e with the void index Iv = (e-e100*)/( e100*-e1000*) due to their similarity in shape; e100* and e1000* are defined as the void ratios on each compression line corresponding to v'=100kPa and 1000kPa respectively and are given in Table 2 . For e=e100*, Iv=0 and for e=e1000*, Iv=-1, hence differences in the shape of the normalized compression lines can be highlighted. The normalized compression curves for differing initial water contents merge to an almost unique line for normal stresses higher than 100 kPa when plotted in terms of Iv for Lamia soil as shown in Fig To quantify the degree of convergence of the normal compression curves, or lack of it, Ponzioni et al. 2014, introduced the parameter m which is defined as the gradient of the diagram of the specific volume, v=1+e, at low stress (e.g. 20kPa)
against the specific volume at high stress (e.g. 3000kPa) on a compression curve. In For the Marl however, there is a clear positive gradient, m=0.5, confirming lack of converge and hence sensitivity to initial mixing water content. The lack of convergence of the normal compression curves can be indicative of non-unique critical state lines (Ferreira and Bica 2006; Shipton and Coop, 2015) .
In structure the mixing water content used to form the slurry should be the same as that for the intact soil when it was deposited, but this is not easily known. Skempton 1970, and Buchan and Taylor Smith, 1999 , presented the water contents of recent deposits at around 0.25m under the sea bed; they varied between 1.5xLL-LL and 1.8xLL-LL comparable with 1.25xLL to 1.5xLL suggested by Burland for reconstitution. For
Lamia the compression lines appear to converge in the range (1.15-1.44)xLL but this is not the case for the Marl which in a narrower range (1.26-1.44)xLL still shows some lack of convergence in Fig. 4 . Given that the loosest homogeneous structure was observed for the Marl at the lower end of the range, a mixing water content of 1.3 was adopted for reconstitution.
Intact Materials
The oedometer compression curves for specimens prepared from the block samples of the natural materials in their intact state are shown in Fig. 6 (a) and 7(a) for Lamia and Marl respectively. It appears that the Lamia soil soon reaches an obvious normal consolidation curve while normal stresses higher than 3000kPa are required for the Marl which are significantly higher than the effective overburden and this is strong Fig. 5(a) , the same material used to form the triaxial specimens. It should be noted that the normal compression curve was extended back to 100kPa parallel to the normal compression curves of the oedometer slurries to define e100*. For the Marl the normal compression line of the material reconstituted from slurry in the standard oedometer at 1.26 times the liquid limit of the natural soil was used for normalization since the 'reconstituted' in the consolidometer specimen had a preconsolidation pressure of 200kPa in Fig. 5(b) . The corresponding e100*=0.736 and e1000*=0.620 values are included in Table 2 . The aforementioned normal compression curves will also be used for the normalization of the triaxial test data to define critical state parameters for each material. to Mitchell, 1976 . It should be noted that had the ICL proposed for sedimentary clays,
shown as a dotted line in Fig. 7(b) , been adopted the enhanced structure of the intact material would have been masked. Fig. 8(a) shows the effective stress paths, plotted in terms of shear stress, t=(σ1-σ3)/2, against mean effective stress, s'=(σ1'+σ3')/2, representing the state of stress in a Mohr diagram, for undrained (CIU) tests on specimens of Lamia soil isotropically consolidated in the triaxial apparatus from an initial effective stress of 50kPa over a range of effective stresses. The peak strengths for drained tests (CID) have been marked by crosses in the figure. The overconsolidated specimens were all swelled from an initial effective stress of 400kPa. In Table 3 the specimen characteristics are summarized. For both normally and overconsolidated specimens failure took place after bulging along a single failure plane. The stress paths for the normally consolidated specimens are not typical of clay type material in that they turn sharply to the right and climb up the failure envelope slightly; a response associated with the moderate dilative tendencies indicated by the pore pressures at strains larger than 5% shown in Fig. 9(b) for a typical test. However, the stress-strain curve in Fig. 9(a) reaches a plateau at large strains, as observed in reconstituted clays. The stressstrain and excess pore water pressure against strain curves show reasonably flat peaks and well-defined critical states at strains larger than 10% as shown in Fig. S3 (a) and (b), with no marked reduction in strength at large strains, while the undrained tests on the overconsolidated specimens exhibit post-peak strength reduction, corresponding to dilative tendencies for the specimen with OCR=4 only. Similarly, the specimen tested under drained conditions at the highest OCR shows brittleness ( Fig. 
SHEAR BEHAVIOUR IN THE TRIAXIAL APPARATUS
Reconstituted Materials
3S (c) and (d)).
The peak strengths of the overconsolidated specimens for undrained and drained tests appear to lie in general slightly above the intrinsic failure line defined by the peak strengths of the normally consolidated specimens. The line can be seen to be slightly curved close to the stress origin, a feature observed in reconstituted clays (Burland et al. 1996) . In the range s'=100 kPa to 400 kPa the value of cv*=21.8 0 .
The reconstituted specimens of the Marl failed mainly by bulging although at very large strains a failure plane could be occasionally observed. Specimen characteristics are shown in Table 4 . Fig. 8(b) shows the effective stress paths and peak drained strengths marked as dots. Specimens of the Marl show stress paths climbing up the failure envelope at a relatively constant stress ratio, t/s', accompanied by strong dilative tendencies at strains less than 5% as can be observed in Fig. 8 (b) and 9(b) respectively, probably due to its coarse silt fraction. Fig. 9 shows the stress-strain and excess pore water pressure against strain curve for a typical undrained test while Fig. S4 shows all tests on reconstituted Marl included in Table 4 . Unlike Lamia the Marl shows phase transformation like a sand (Ishihara 1975) . However, dilative tendencies abruptly reduce as peak strength is approached and excess pore water pressure remains nearly constant at positive values as nearly flat peaks, indicating critical state, develop at strains of around 10%
in Fig. 9 . This is distinctly different behavior to a typical sand which requires extremely high strains (>30%) to reach critical state and confining pressures 2006, observed similar response for reconstituted specimens of a low-plasticity silt (PI=6%) under undrained monotonic loading namely, phase transformation followed by dilative behavior until an ultimate peak deviator stress was reached. were used for normalization of the shearing data with respect to the equivalent normal stress on the ICL corresponding to the void ratio at peak shear stress, ve*.
The experimental points for Lamia tests in Fig. 10 (a) lie on a unique straight line having Hvorslev strength parameters e*=23.8 0 and *=0.04. These intrinsic strength parameters will be compared with the strength parameters of the material in its natural intact state in the next section. The corresponding parameters for the Marl shown in Fig. 10(b) are e*=31.7 0 and *=0.06.
Intact Materials
Specimen characteristics of the intact materials are included in Tables 3 and 4 for Lamia and Marl respectively. The initial void ratio, ei, shown in the Tables was calculated from the moisture content measured for the block (wi~30% and ~25% for Lamia and Marl respectively) before consolidation in the triaxial to e0 prior to shearing. Fig. 11 shows typical CIU tests on intact specimens taken from block samples of Lamia high plasticity silt. The effective stress paths in Fig. 11 (a) show initial contraction followed by dilation. The strong dialtive tendency well before peak is more pronounced in those specimens tested at 300 kPa and 500 kPa. However, the stress-strain curves shown in Fig. 11(b) are flat and do not show brittleness at least for axial strains up to 10%. The excess pore water pressures shown in Fig. 11(c) indicate that dilative tendencies take over long before peak at about 5% axial strain and continue thereafter. Such dilative tendencies can be attributed to the dominance of silt in this soil. The samples after slight bulging developed single slip surfaces at 50-53 0 to the horizontal followed by a conjugate surface at large strains.
In Fig. 12 the intact failure line for the Lamia soil has been drawn through the peak strengths of the undrained tests. It can be seen that the peak failure envelope for the intact material lies sligthly above the critical state line defined for the reconstituted material while intact strengths higher than the critical state are observed. In Fig. 13 has been calculated from the deviator stress, q=σ1-σ3, against shear strain, εs=2/3(ε1-ε3)= ε1-εv/3, curves where ε1=axial and εv=volumetric strain. The shear modulus, G, was calculated as Es/3 assuming the soil to be isotropic. Stiffnesses normalized with respect to initial mean effective stress in Fig. 16 (a) define a narrow band for Lamia, which is also a sign of small interparticle bonding. The band is wider for the Marl in 
CONCLUSIONS
The behavior of two natural silts is examined within the framework describing the response to normal compression and shearing for reconstituted clays. In their reconstituted state these materials are very sensitive to the moisture content used to form the slurry.
When normalized with respect to Iv the ICL for the high plasticity silt coincides with the ICL obtained for reconstituted natural sedimentary clays; however, the low plasticity silt exhibits a different ICL concave downwards.
Similarly, the mechanical response to axisymmetric loading of both soils reconstituted at a mixing water content of around 1.3xLL shows that although the high plasticity silt adheres to a clay-like behavior, the low plasticity silt shows a transition phase with characteristics of sand-like behavior.
Nevertheless, the response of the reconstituted materials can be used as a reference to identify the influence of the microstructure on the compressibility and strength of the intact materials. The comparison leads to the overall conclusion that in both compression and shearing the Marl shows clear signs of structure like many natural soils, but the Lamia soil does not; this could be due to its shallow depth and lack of enhanced natural microstructure contrary to the Marl.
The intact Marl exhibits higher stiffness when normalized with respect to mean effective stress compared to Lamia. Normalized stiffness defines a narrow band for Lamia while for the Marl the observed variation may be attributed to its structure. (1) po'=94 kPa (3) po'=203 kPa (4) po=302 kPa (5) po'=301 kPa (6) po'=305 kPa (7) po'=298 kPa (12) po'=402 kPa (13) po'=391 kPa (14) po'=595 kPa (2) po'=153 kPa, OCR2 drained p'=ct 
TABLES
